Seeds from the legume tree Maackia amurensis contain two lectins that can agglutinate different blood cell types. Their specificity toward sialylated oligosaccharides is unique among legume lectins; the leukoagglutinin preferentially binds to sialyllactosamine (␣NeuAc-(2-3)␤Gal(1-4)␤GlcNAc), whereas the hemagglutinin displays higher affinity for a disialylated tetrasaccharide (␣NeuAc(2-3)␤Gal(1-3)[␣NeuAc(2-6)]␣GalNAc). The three-dimensional structure of the complex between M. amurensis leukoagglutinin and sialyllactose has been determined at 2.75-Å resolution using x-ray crystallography. The carbohydrate binding site consists of a deep cleft that accommodates the three carbohydrate residues of the sialyllactose. The central galactose sits in the primary binding site in an orientation that has not been observed previously in other legume lectins. The carboxyl group of sialic acid establishes a salt bridge with a lysine side chain. The glucose residue is very efficiently docked between two tyrosine aromatic rings. The complex between M. amurensis hemagglutinin and a disialylated tetrasaccharide could be modeled from the leukoagglutinin/sialyllactose crystal structure. The substitution of one tyrosine by an alanine residue is responsible for the difference in fine specificity between the two isolectins. Comparison with other legume lectins indicates that oligosaccharide specificity within this family is achieved by the recycling of structural loops in different combinations.
dom, lectins have been demonstrated to play a role in establishing symbiosis with bacteria and mushrooms as well as in defense against pathogens or predators (2-4). In addition, their fine specificity makes plant lectins excellent tools for the identification and purification of complex carbohydrates, hence their wide use in biochemical and medical research (5, 6) .
Lectins from the seeds, stem, and bark of legumes represent the largest and most thoroughly studied family of lectins (7) . They consist of two or four identical or almost identical subunits, each containing one carbohydrate binding site and two metal binding sites for Ca 2ϩ and for Mn 2ϩ . At present, more than 80 crystal structures of legume lectins have been determined from 15 different plants (see Protein Data Bank and 3D Lectin Data Base). Most of these structures have been obtained as a complex with a bound sugar. Although no lectins specific for fucose or GlcNAc have been crystallized, much information is available for two classes of legume lectins: (i) the Man/Glc specificity group such as concanavalin A and pea lectin and (ii) the Gal/GalNAc specificity group that includes peanut lectin and soybean agglutinin. As for the complex specificity group, the only co-crystals reported so far are those of Griffonia simplicifolia isolectin IV complexed with two histo-blood group oligosaccharides (8) .
The presence of a compound with hemagglutinating activity in the seeds of Maackia amurensis was described in the early 1960s (9) . Two isolectins were purified and designated hemagglutinin (MAH) 1 and leukoagglutinin (MAL), reflecting their specific agglutination activity toward different blood cell types (10) . The first carbohydrate binding specificity studies, conducted using competitive binding assays to human erythrocytes, indicated that MAH preferentially binds to O-linked carbohydrate chains, whereas MAL binds N-linked glycans (10, 11) . Later, MAL was shown to bind strongly to carbohydrate chains containing sialic acid and particularly to the ␣NeuAc(2-3)␤Gal(1-4)␤GlcNAc/Glc sequence (12, 13) . Carbohydrate specificity of MAH is slightly different since its highest affinity is directed toward the ␣NeuAc(2-3)␤Gal (1) (2) (3) [␣NeuAc(2-6)]-␣GalNAc tetrasaccharide (14) .
Amino acid sequences of MAL (15) and MAH (16, 17) share 86% identity but are rather different from other legume lectins with an average sequence identity of 40%. Indeed, these two lectins have peculiarities in their binding sites. In all legume lectins, a triad of conserved Asp, Gly, and Asn residues located at the bottom of the binding site, establish hydrogen bonds with * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The (15) .
We report here the structures of these two legume lectins in order to understand their fine specificity toward sialylated glycans. The crystal structure of the MAL/sialyllactose determined at 2.75-Å resolution reveals unexpected details of this legume lectin binding site, with a new mode of binding for the central residue in the monosaccharide binding site, and extensive contacts with the three carbohydrate residues. This crystal structure served as a template for modeling the MAH protein and its interaction with a disialylated tetrasaccharide. A secondary binding site is predicted to accommodate the second sialic acid residue.
EXPERIMENTAL PROCEDURES
Crystallization-MAL was purchased from Vector Laboratories (Burlingame, CA). Crystallization conditions were identified using the Hampton crystallization screens I and II (Riverside, CA) (18) . Crystals were grown at 20°C by vapor diffusion using the hanging drop method. An equal volume of 5 l of sample solution (protein at a concentration of 5 mg/ml preequilibrated with a 5-fold molar excess of siallylactose in H 2 O) was mixed with an equal volume of the precipitating solution containing 9% w/v polyethylene glycol 1000 and 9% w/v polyethylene glycol 8000. Small crystals with approximate dimension of 0.08 by 0.06 by 0.06 mm 3 were obtained in 2 weeks. They belong to space group P2 1 2 1 2 with unit cell dimensions of a ϭ 80.7 Å, b ϭ 88.45 Å, and c ϭ 84.5Å, with two molecules per asymmetric unit and approximately 48% solvent.
Data Collection and Processing-Data were collected on beamline ID14 -3 with a charged coupled device detector (MAR Research Co.) at the European Synchrotron facility, Grenoble, France, operating at a wavelength of 0.936 Å. As it was not possible to obtain single crystals, even when using seeding techniques, data were collected from an aggregated crystal that displayed two major lattices in its diffraction pattern. From this crystal, 140°of data were collected and the two overlapping diffraction patterns were both indexed and integrated, resulting in the equivalent of 280°of data. Data processing was done entirely using version 1.9 of the HKL package (Table I) . Although the diffraction pattern originated from two overlapping crystals, the data nevertheless are of good quality, probably because the very high redundancy allowed the rejection of the physically overlapping reflections. In total, 13,557 measurements (full and partial reflections) were rejected out of 531,159.
Structure Solution and Refinement-Molecular replacement calculations were done with AMORE (19) using the lentil lectin monomer (Protein Data Bank entry 1les) (20) as a search model. This resulted in two clear solutions for the rotation function (with respective heights of 22.3 and 21.8, first noise peak of 18.7), which after a translation search and rigid body refinement (30.0 -3.5 Å) gave an R factor of 45.3% and a correlation coefficient of 52.4%. A molecular model of the MAL monomer constructed using COMPOSER (21) was superimposed on the two molecular replacement solutions and used as such to start refinement using X-plor version 3.851 (22) . An overall temperature factor refinement was followed by a molecular dynamic refinement using a slow cooling protocol. A bulk solvent correction was applied throughout. At this stage, clear density appeared for the bound trisaccharide as well as for a few loop regions that were incorrectly predicted in the model. From then on, cycles of positional and individual temperature factor refinement were interchanged with manual rebuilding sessions using the graphic program TURBO-FRODO (23) . The final statistics of the refinement are given in Table I . In particular, no residues lie in disallowed regions of the Ramachandran plot.
Molecular Modeling-The COMPOSER program (21) , within the SYBYL software package (24) , was used to build the MAH protein. A library of crystallographic structures was created, containing 14 different legume lectins solved at high resolution. The several steps of the homology modeling procedure included three-dimensional alignment of the 14 structures, sequence alignment of MAH with these lectins, building of the structurally conserved regions, and building of the loops. Most of the MAH structure was built from MAL. Five water molecules that are known to be conserved in all legume lectin structures (25) were incorporated in the model, together with the well conserved Ca 2ϩ and Mn 2ϩ cations. Finally, hydrogen atoms were added and charges were calculated. A validation of the model stereochemistry was performed using the PROCHECK program (26) . For the docking of oligosaccharide, the systematic search procedure of the SYBYL software was used to determine the conformation of the ␣NeuAc(2-3)␤Gal (1) (2) (3) [␣NeuAc(2-6)]␣GalNAc tetrasaccharide that are sterically allowed when the ␣NeuAc(2-3)␤Gal disaccharide is anchored in the binding site. Possible conformational families were determined using a homemade clustering program. 2 For each family, the conformation of the glycan and of the side chain in the binding site was fully refined, using the Tripos force field (27) together with additional energy parameters appropriate for carbohydrates (28, 29) .
RESULTS
Overall Structure of MAL-The x-ray crystal structure of MAL complexed with sialyllactose has been determined to a resolution of 2.75 Å. The asymmetric unit contains two subunits named A and B. Each monomer folds into two large ␤-pleated sheets. Two monomers associate to form the so-called "canonical legume lectin dimer" (Fig. 1a) characterized by a large 12-stranded ␤-sheet, resulting from the abutment of the two back sheets (30, 31) . Of the 258 residues reported in the MAL amino acid sequence (15) , only the first 239 could be identified in the electron density map. The remaining 19 Cterminal residues are disordered or have been proteolytically removed. Leucine 128 in the published sequence displayed clear electron density for an aromatic ring and was modeled as a phenylalanine. Each MAL monomer contains a calcium and a manganese ion located in a metal binding site that is fully conserved among legume lectins.
The and Asn 179 of both chains A and B. In each case, the sugar moiety establishes contacts either with the other monomer or with neighboring protein chains. MAL is therefore demonstrated to carry at least three N-linked oligosaccharides per monomer. This glycosylation pattern probably explains the difference between calculated and observed molecular weight, as well as the reported discrepancy between the molecular weights of the two monomers (32) .
Quaternary Structure-The multimeric assembly of lectin is of interest since it drives their multivalent interaction with carbohydrate ligand. Although a dimer in solution, the protein 2 A. Imberty, unpublished data. assembles as a tetramer in the crystal through a two-fold crystallographic symmetry axis. The two canonical dimers interact through their outermost strands and, as a result, generate a large channel in the middle of the tetramer (Fig. 1b) . This quaternary structure differs from those reported for concanavalin A (33) and peanut agglutinin (34) , but now seems to be the most common one in legume lectins since it has been observed in the crystal structures of Phaseolus vulgaris leukoagglutinin (35) , soybean agglutinin (36) , Dolichos biflorus seed lectin and DB58 (37), Vicia villosa lectin (38), as well as lectin II of Ulex europaeus (39) . As a consequence, an uncertainty remains as to which dimer of MAL is present in solution.
Indeed, as illustrated in Fig. 1b , the tetramer can be seen both as an association of two canonical dimers, or alternatively as two DB58-like dimers (37) . When comparing the two potential dimer interfaces of MAL, it becomes clear that both of them could occur in solution. The total area of accessible surface that is buried in the canonical dimer interface (900 Å 2 ) is only marginally larger than that buried in the DB58-like interface (850 Å 2 ). Moreover, when the amount of buried non-polar surface is considered, the DB58-like interface (600 Å 2 ) outscores the canonical dimer interface (520 Å 2 ). Both interfaces are highly complementary, as judged from their gap volume index. It has been proposed that, in solution, the MAL dimer of 74 kDa is formed by two monomers of 34 and 35 kDa that can be separated only by selective reduction of a disulfide bridge involving the only cysteine residue at position 243 (32) . This connectivity could not been assessed from the present structure since only the 239 Nterminal amino acid residues could be located in the electron density maps. Based on the current crystal structure, it is not possible to determine which of the two dimers occurs in solution.
Sialyllactose Binding Site-In the carbohydrate binding sites, well defined electron density is observed for the whole siallylactose in both MAL subunits (Fig. 2) . The trisaccharide is tightly bound in an extended binding site at one extremity of the molecule; the central galactose unit is located in the socalled monosaccharide binding site, while both sialic acid and glucose occupy the so-called extended site. All three sugar residues are involved in extensive hydrogen bonding and stacking interactions with the protein (Fig. 1 (c-e) and Table II) . Only the glycerol side chain of the sialic acid residue is exposed to the solvent. The anomeric oxygen on the glucose side was modeled in its equatorial ␤ conformation, in agreement with the experimental electron density. This oxygen points toward the opening of the cleft, therefore allowing the lectin to recognize longer glycans and glycoconjugates. However, in the present crystal form, O-1 and O-2 of glucose make favorable crystal lattice interactions with the N-glycosylated Asn 61 of a neighboring molecule.
The monosaccharide binding site forms an hydrophilic pocket in the central part of the cleft. The bottom of this pocket is made by the conserved Asp 87 residue that, as in all legume lectin structures, is preceded by a cis-peptide bond. All of the hydroxyl groups of galactose are involved in one or two hydrogen bonds. The galactose ring oxygen O-5 is within hydrogen bond distance of a water molecule that is sitting in the binding site, a very unusual feature in legume lectins. Another unusual feature is the salt bridge between the carboxyl group of the sialic acid and the terminal amino group of Lys 107 . Finally, hydrophobic interactions, governed by the presence of four tyrosine residues, occur on both side of the cleft. Two of the aromatic rings establish van der Waals contacts with the methine group at C-6 of galactose (Tyr 131 ) and with the hydrophobic face of the sialic acid (Tyr 45 ), while the glucose residue is sandwiched between the phenolic rings of Tyr 221 and Tyr 136 (Fig. 1c) . Conformation of Sialyllactose-In the MAL binding site, the sialyllactose adopts an extended conformation with glycosidic torsion angles
the ␣NeuAc(2-3)␤Gal linkage. In both cases, the conformation corresponds to the lowest energy conformation of the corresponding disaccharide, according to molecular mechanics calculation (40) . Sialyllactose, or related trisaccharide sialyl-Nacetyllactosamine (SLacNAc), is the ligand of many protein receptors. Indeed, sialyllactose (or SLacNAc) or larger molecules containing this trisaccharide (sialyl Lewis X, GM1 glycolipid, etc..) have been co-crystallized with wheat germ agglutinin I and II (Protein Data Bank codes 1WGC and 2WGC) (41), influenza virus hemagglutinin (code 1HGG) (42), staphylococcal enterotoxin B (code 1SE3) (43) , murine polyomavirus coat protein (code 1SID) (44), a selectin-like mutant of mannosebinding protein (code 2KMB) (45), cholera toxin (code 2CHB) (46) , and sialoadhesin (code 1QFO) (47) . The conformations of the carbohydrate ligand observed in the different complexes have been superimposed in Fig. 3 , and the values of the torsion angles are reported on the energy maps of the corresponding disaccharides. In all cases but one, the sialyllactose moiety 
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adopts the same extended conformation as observed in the MAL binding site. The only exception is the cholera toxin/GM1 pentasaccharide complex, in which the conformation of the ␣NeuAc(2-3)Gal linkage corresponds to a secondary minimum with a value of ⌽ close to Ϫ60°. This confirms that this oligosaccharide can adopt several conformation in solution and that the lectins recognize and bind one of these preferred conformers.
Molecular Model of the MAH/Sialyloligosaccharide Complex-
The two isolectins present in the seeds of Maackia amurensis have very similar binding sites since only two amino acids, Tyr 221 and Glu 224 in MAL, are both replaced by Ala in MAH. These differences are sufficient to generate distinct specificities. Both isolectins are able to detect the presence of a sialic acid at position 3 of a galactose, but the leukoagglutinin (MAL) has higher affinity for the ␣NeuAc(2-3)␤Gal(1-4)-␤GlcNAc structures of N-glycans (12, 13) , whereas the hemagglutinin (MAH) has higher affinity for ␣NeuAc(2-3)␤Gal(1-3)-[␣NeuAc(2-6)]␣GalNAc present on O-glycan (14) . In order to understand the molecular basis of these differences in specificity, we have modeled the interaction of MAH with the tetrasaccharide ␣NeuAc(2-3)␤Gal(1-3)[␣NeuAc(2-6)]␣GalNAc.
The ␣NeuAc(2-3)␤Gal disaccharide from the MAL complex was placed in the MAH carbohydrate binding site as observed in the MAL/sialyllactose complex. This disaccharide was then extended to the ␣NeuAc(2-3)␤Gal(1-3)␣GalNAc trisaccharide, and all possible orientations of the GalNAc in the MAH binding site were systematically investigated. Only one conformation of the ␤1-3 linkage could fit in the crevice, with values of
Previous calculations showed that these values belong to the low energy region of the (⌽,⌿) energy map of the corresponding disaccharide (48) . In the binding site, the GalNAc ring adopts approximately the same position as the glucose ring in the MAL/sialyllactose complex, but with a 180°flip around the ⌿ torsion angle. This molecular similarity between different conformations at ␤1-3 and ␤1-4 linkages was first demonstrated in blood group oligosaccharides (49) . Since in MAH there is no tyrosine at position 221, the GalNAc residue is not sandwiched, allowing for axial orientation of the O-1 and O-4 oxygen atoms. The carbonyl oxygen of the N-acetyl group and the O-1 oxygen are involved in hydrogen bonds with the hydroxyl group of Tyr 35 and Tyr 134 , respectively. Because of 1) the axial position of the GalNAc O-4 oxygen atom and 2) the presence of hydrophobic Ala 22 instead of Glu 224 , there was no possibility to accommodate, in the MAH monosaccharide binding site, the water molecule that is observed in the MAL/ sialyllactose crystal structure.
In the second step of ligand modeling, a sialic acid residue was added at position 6 of the ␣GalNAc and a systematic conformational search was performed on the three torsion angles (⌽,⌿,) of the resulting ␣NeuAc(2-6)␣GalNAc linkage. As expected for a three dihedral-containing linkage, several conformations can be adopted, and therefore this terminal NeuAc is predicted to be rather flexible. However, in all low energy conformations, the NeuAc residue sits in a hydrophobic pocket created by amino acids Phe 130 , Tyr 129 , Ala 83 , and Lys 221 . The docking mode with lowest energy is represented in Fig. 4 . In this binding mode, the ␣NeuAc(2-6)␣GalNAc linkage displays values of ⌽ (O-6 -C-2-O-2-C-6Ј) ϭ 76°and ⌿ (C-2-O-2-C-6Ј-C-5Ј) ϭ 168°that correspond to the most abundant conformer in solution (50) . The (O-2-C-6Ј-C-5Ј-O-5Ј) torsion angle has a value of Ϫ68°(gg rotamer) that has been measured to exist for 20% of the conformation of ␣NeuAc(2-6)Gal disaccharide in solution (51) . This secondary minimum yields the lowest energy complex with the protein, since it allows for the formation of a salt bridge between the carboxyl group of sialic acid and the side chain of Lys 221 . Further stabilization occurs by hydrophobic contact between the CH of the glycolyl tail and the aromatic rings of Phe 130 and Tyr 129 . The only ␣NeuAc(2-6)Gal-containing crystal structure available in the Protein Data Bank is that of the pertussis toxin complexed with this disaccharide (code 1PTO) (52) . In this crystal structure, the glycan is observed to adopt several conformations about the torsion angle, confirming the high flexibility of this ␣2-6 linkage.
DISCUSSION
Confrontation with Binding Studies and Mutagenesis-Because of its use for glycoconjugate screening in tissues, a large number of binding data have been collected for MAL in several laboratories. The most potent inhibitor of leukoagglutination by MAL was first demonstrated to be sialyl-␣2,3-lactose (12). Later, it was confirmed that MAL requires the complete trisaccharide for binding and does not interact when the ␤1,4 linkage is replaced by a ␤1,3 one (13). The carboxyl group of the sialic acid residue is required for binding, the N-acetyl group can be replaced only by N-glycolyl, but C-8 and C-9 of the glycerol tail are not required (13, 53) . On the reducing side, the only permitted substitution is GlcNAc instead of Glc. These reported binding data are in full agreement with the MAL/sialyllactose crystal structure where only the glycerol tail of sialic acid does not interact with the protein surface. Of special interest is the tyrosine sandwich around the glucose residue: a double stacking interaction that can accommodate only sugar rings with all hydroxyl groups in the equatorial position and, thus, very efficiently discriminate for gluco residues only.
Mutagenesis studies have been performed on MAH (but not MAL) to investigate the role of the two residues that are different from other lectin monosaccharide binding sites (15 105 is now confirmed to be involved in sialic acid binding. On the other hand, the need for an aspartic acid at position 135 is not clarified by the crystal structure since an Asn residue could establish, in principle, the same contacts to both calcium and galactose ligands. In general, protein-carbohydrate interactions are not of high affinity, a factor that is considered to be a major drawback in the development of carbohydrate-based drugs. Lectin affinity for monosaccharides are usually in the millimolar range and do not overlap the micromolar range for oligosaccharides. This behavior has been attributed to an enthalpy-entropy compensation phenomenon (54) . The entropy barrier is interpreted both in terms of conformational freezing of flexible oligosaccharide ligand and in terms of solvent reorganization accompanying binding. The MAL exhibits an affinity for sialyllactose that has been evaluated, by Biacore experiments, to have dissociation constant in the micromolar range (15, 55) . It is our prediction that, as in many protein-oligosaccharide interaction, a high entropy cost (due to the freezing of the flexible ligand) is compensated by a large enthalpy term (due to the extensive contacts between the trisaccharide and the binding site). Calorimetric measurements are under way to characterize the thermodynamics of this binding.
A Unique Galactose Binding Mode in the Monosaccharide Binding Site of MAL-In all crystal structures reported so far, the carbohydrate binding site consists of a pocket with conserved amino acids at its base and variable ones on its sides, modulating the differences in specificities (56) . Four loops, referred to as A-D, participate in the architecture of the binding site (57) , with loop D, the most variable one, being called the "monosaccharide specificity" loop. The saccharide binding sites of MAL and MAH present several unusual features that distinguish these lectins from other legume lectins. (i) The central galactose interacts with conserved residues from loops A and C, but not with loop B; (ii) loop C is longer than in any other legume lectins, with the exception of the chito-oligosaccharides binding lectin of the Genisteae tribe (U. europaeus); (iii) the lack of interaction with loop B seems to be compensated by the participation of another loop, containing Tyr 45 , that will be referred here as loop 0. Fig. 5a displays a sequence alignment of selected lectins with known crystal structure.
Two main binding modes have been described for the sugar residue in the monosaccharide binding site of legume lectins. Monosaccharides having a gluco or a manno configuration (i.e. with an equatorial O-4 hydroxyl group) are oriented so that O-6 and O-4 point toward the bottom of the binding site, establishing a network of three hydrogen bonds with the cis-linked Asp of loop A and Asn of loop C, which also coordinates the Ca 2ϩ ion (Fig. 5b) . On the other hand, monosaccharides having a galacto configuration (i.e. with axial orientation of O-4 hydroxyl group) present a different binding mode, in which O-3 and O-4 interact with these same amino acids that are well conserved at the bottom of the site (Fig. 5c) . The MAL/sialyllactose crystal structure displays a different binding mode for galactose. Since O-3 is engaged in the glycosidic linkage with the sialic acid, O-4 and O-6 interact with the conserved Asp, although with a different orientation from mannose in the Man/Glc-specific lectins (Fig. 5d) .
From a comparison of mannose and galactose binding modes (58) , it has been proposed that, during evolution, a "fitting choice" developed in parallel in plant and animal lectins, based on the axial or equatorial position of the O-4 hydroxyl group.
The structures described here represent yet another binding mode, different from those previously described, albeit based on the same network of conserved hydrogen bonds. This different binding mode yields a unique feature in lectin binding site: the appearance of a water molecule binding site. In addition to the three different binding modes represented in Fig. 5 , a fourth binding mode, again with a different pattern of hydrogen bonds, has been predicted for fucose-binding legume lectins (59) , for which no crystal structure is yet available.
Previous comparisons of oligosaccharide complexes of Man/ Glc-and Gal/GalNAc-specific legume lectins demonstrated that both specificity groups recycle a number of structural features to achieve different oligosaccharide specificities (7) . This observation also extends to the present structures of MAL and MAH, where the sialic acid recognizing subsite of MAL as well as the ␣2-6 NeuAc binding subsite of MAH have structural counterparts in other legume lectins. In conclusion, the resolution of the MAL/sialyllactose crystal structure together with the modeling of the MAH isolectin yield new insights for understanding both the affinity and the specificity of protein/carbohydrate interactions and therefore opens new routes for carbohydratebased drug design and rational modification of protein receptors. 
